Context. Protoplanetary disks around young stars harbor many structures related to planetary formation. Of particular interest, spiral patterns were discovered among several of these disks and are expected to be the sign of gravitational instabilities leading to giant planets formation or gravitational perturbations caused by already existing planets. In this context, the star HD 100546 presents some specific characteristics with a complex gas and dusty disk including spirals as well as a possible planet in formation. Aims. The objective of this study is to analyze high contrast and high angular resolution images of this emblematic system to shed light on critical steps of the planet formation. Methods. We retrieved archival images obtained at Gemini in the near IR (Ks band) with the instrument NICI and processed the data using advanced high contrast imaging technique taking advantage of the angular differential imaging. Results. These new images reveal the spiral pattern previously identified with HST with an unprecedented resolution, while the largescale structure of the disk is mostly erased by the data processing. The single pattern at the southeast in HST images is now resolved into a multi-armed spiral pattern. Using two models of a gravitational perturber orbiting in a gaseous disk we attempted to bring constraints on the characteristics of this perturber assuming each spiral being independent and we derived qualitative conclusions. The non-detection of the northeast spiral pattern observed in HST allows to put a lower limit on the intensity ratio between the two sides of the disk, which if interpreted as forward scattering yields a larger anisotropic scattering than derived in the visible. Also, we found that the spirals are likely spatially resolved with a thickness of about 5 − 10 AU. Finally, we did not detect the candidate forming planet recently discovered in the Lp band, with a mass upper limit of 16 − 18 M J .
Introduction
Understanding planetary formation requires to identify and describe the many steps of this complex process and in particular when they start to form in circumstellar disks. At least two formation mechanisms are proposed to explain the diversity of giant exoplanets as observed today. The so-called core accretion model (Pollack et al. 1996 ) is able to account for the presence of most of the exoplanets discovered by radial velocity and located in the first ten AU from the star. At the same time, direct imaging has provided detections of young (>10 Myr) and massive planets at much larger separations (>50 AU, e.g. Chauvin et al. 2005) and, of which the vast majority presumably require gravitational instabilities to form (Boss 1998) . So far, β Pictoris b (Lagrange et al. 2010) could be the only imaged exoplanet which may have formed in the regime of core-accretion (Rameau et al. 2013) . This peculiar object also indicates that the timescale of formation can be very short (≤ 10 Myr). However, it is difficult to rely solely on astrometric and photometric measurements in direct images to determine which formation model is at work in a given planetary system. Therefore, the observation of younger (<10Myr) protoplanetary disks is of prime importance to detect Send offprint requests to: A.
Boccaletti, e-mail: anthony.boccaletti@obspm.fr ⋆ Based on data retrieved from the Gemini archive any signs of planetary formation and ideally to catch a planet in formation. In particular, imaging in scattered light allows to map the spatial distribution of the dust on the disk surface and complement the information collected from unresolved photometric or spectroscopic observations as well as mid infrared and sub-mm imaging.
Among the protoplanetary disks in the solar vicinity for which the spatial resolution is fine enough to probe the regions of planetary formation, the system HD 100546 has recently focused a lot of attention with the announcement by Quanz et al. (2013) of a candidate planet in formation. The star is young (5 − 10 Myr, Guimarães et al. 2006 ) and belongs to the class of Herbig Ae/Be star. However, the large amount of gas observed in absorption and emission (Panić et al. 2010; Goto et al. 2012 ) may suggest an age closer to the lower limit of 5 Myr. The presence of a circumstellar disk is suspected since IRAS observations and its spectral energy distribution suggests a warm and a cold grain populations. Silicates emission features comet-like spectrum (Malfait et al. 1998) . Resolved images in the near infrared where first obtained from ground-based Adaptive Optics by Pantin et al. (2000) and then with NIC-MOS/HST (Augereau et al. 2001) . The disk was seen as an elliptical featureless extended source, which extends far from the star (∼380 AU) with an inclination of about 51
• from the line of sight. An asymmetry along the minor axis was marginally de- Fig. 1 . Images of the environment of the star HD100546 as seen in the Ks band with NICI and using several ADI-algorithms: cADI (left), KLIP (middle) and LOCI (right). The field is 8" large and the central area (<1.25") is masked out numerically. A 2-pixel smoothing is applied. Pixel intensities are coded in contrast with respect to the star. The point source at the south is corresponding to the object labeled B7 in Fig. 2 tected. To account for the near IR scattered light emission the grains must be larger than 0.1-0.5 µm (Mulders et al. 2013a) .
Observations in the visible with STIS (Grady et al. 2001 ) and ACS (Ardila et al. 2007 ) provided an improved angular resolution and sensitivity with respect to near IR and revealed a much more complex morphology. The environment of the star includes a nebulosity extending beyond 8" from the star and a mid-disk (3"-8") where the minor axis asymmetry is interpreted as scattering anisotropy (g = 0.15 − 0.2). These HST images revealed two trailing spiral arms in the disk region between 1.5 − 3", which develop towards the south-east and the north-west respectively (150 ∼ 300 AU). Moreover, the most detailed images obtained so far shows some hints of additional spiral patterns (Ardila et al. 2007) .
The innermost part of the disk, intensively studied by Benisty et al. (2010) and Tatulli et al. (2011) with AM-BER/VLTI, shows an inner hole between 4 and 13 AU. While the location of the outer rim is confirmed by MIDI/VLTI, Panić et al. (2012) observed that the inner boundary of the gap might be located at 0.7 AU instead of 4 AU. The rim at 13 AU was marginally detected with polarimetric imaging in the near IR (Quanz et al. 2011) . Both the spirals and the hole suggest that planetary formation has already occurred in different places of the HD 100546 environment and interestingly that the two alternative formation mechanisms may coexist in the same system. Since then, spiral patterns were observed in other protoplanetary disks (Fukagawa et al. 2004 (Fukagawa et al. , 2006 Muto et al. 2012; Grady et al. 2013; Rameau et al. 2012) and are suspected to be the signs of self-gravity and/or planets which triggers spiral wave densities in massive regions of a disk.
In this paper, we report the observation of HD 100546 with NICI using public data retrieved from the Gemini archive. The images reveal a set of multiple spiral patterns in the south-east region. Section 2 presents the observation and the data reduction procedure. The sensitivity to point sources is analyzed in section 3 and the morphology of the spirals is described in section 4. Finally, possible origins of the spirals are discussed in section 5.
Observation and data reduction
We retrieved archival data obtained with the Near Infrared Coronagraphic Imager (Toomey & Ftaclas 2003, NICI) , installed at the 8-m telescope, Gemini South. The instrument is based on Table 1 . Log of observations indicating the date of observation (col. 2), the mask radius (col. 3), the filters (col. 4), the UT at start and at end of the sequence (col. 5), the exposure time of individual frame (col. 6), the amplitude of the parallactic angle variation (col. 7), and the total exposure time integrated (col. 8).
Prog.
GS 2215.4 a near-IR (1-5 µm) dual-band imager in which two images are formed simultaneously (owing to a beam splitter) on two separate detectors. NICI has been designed for high contrast imaging and in particular to optimize the search for young planetary mass objects as companion to stars (Liu et al. 2010) . In turn, these capacities make NICI suitable for direct imaging of protoplanetary and debris disks as it combines an adaptive optics system, a Lyot coronagraph and angular differential imaging capability (Marois et al. 2006) . The observation were done on March 6th, 2010 (Tab. 1) using a single channel configuration in the Ks band (2.15 µm) with the 0.32" flat-topped Gaussian Lyot coronagraphic mask and the 95% undersized stop. The pixel scale is 18 mas per pixel. The data set consists of 53 files of 1.9s × 22 coadds = 41.8 seconds each. The star itself is used for the wavefront sensing. HD 100546 is a Be star (B9Ve, V=6.7 , K=5.42 ) located at a distance of 97 ± 4 pc according to van Leeuwen (2007) .
We followed the data reduction procedure described in (Boccaletti et al. 2013) . The images are dark-subtracted and flatfielded. The stability of this observing sequence in terms of AO correction is good enough to retain all the available frames corresponding to a total integration time of 2215.4s. The registration of coronagraphic images is obtained in two steps, first with a rough estimation of the star position with a Gaussian fit of the images that were thresholded typically at a few percent of the maximum flux . Thus, frames are regis-tered at the 1-pixel precision. Then, we performed a more precise determination of the star location with Moffat fitting of the central attenuated spot behind the semi-transparent Lyot mask, which is known to move linearly with the actual star position (Lloyd & Sivaramakrishnan 2005) . A precision of ∼0.2 pixel is achieved for the frame registration.
Out-of-mask unsaturated images of the star used to determine the PSF shape and intensity are not available in the archive. Hence, for photometric purpose, we measured the coronagraph attenuation factor separately on a binary star observed with the same settings on May 2010 and we derived a value of 180 (∼5.6±0.14mag) in agreement with Wahhaj et al. (2011) and Boccaletti et al. (2012) . The angular resolution measured on a field star is FWHM≈65 mas.
Then, we processed the data with a set of ADI algorithms: cADI (Marois et al. 2006) , LOCI (Lafrenière et al. 2007) , and also KLIP, which makes use of a principal component analysis (Soummer et al. 2012) . For a brief description of these algorithms and relevant control parameters see Lagrange et al. (2012) and Boccaletti et al. (2012) . Several parameters for these algorithms were tested to achieve the best detection performance. The KLIP analysis is applied on an annular region between 20 (the radius of the coronagraphic mask) and 225 pixels (4" in radius) and we retain 1, 2, 3, 4 and 5 modes (out of 53) in the estimation of the stellar contribution. In the LOCI approach, we used the geometry defined by Lafrenière et al. (2007) with N A = 300, g = 1, and N δ = 0.5, 1.0, 1.5, 2.0 in the central 4" region. To produce the final images the frames are mean-combined for cADI and KLIP and median-combined for LOCI. The images presented in Fig. 1 are scaled in contrast with respect to the star maximum intensity measured in the central spot behind the mask in a single pixel. To even further reinforce the speckle attenuation, the KLIP and LOCI images are obtained from the averaging of several reductions with the parameters indicated above.
LOCI produces the sharpest view. A complex set of spiral patterns is detected in the southern part of the field in the region where Ardila et al. (2007) reported the detection of a single spiral (see section 4 for a description). We note that the range of the parallactic angle along the sequence is relatively small (17.15
• ), which is not particularly favorable for the detection of extended objects like circumstellar disks .
Point sources

Background stars
The 15" field of view displayed in Fig. 2 shows many point sources, most of them (B1 to B7) being already identified as background stars by Ardila et al. (2007) based on BVI photometry. A comparison of the NICI image with ACS/HST images in F606W and F814W taken 6 to 7 years apart unambiguously confirms that HD 100546 has moved with respect to all other sources B1 to B9, as expected from its proper motion (µ α = −38.9 mas/yr, µ δ = 0.3 mas/yr).
Detection limits
We measured the detection limits in the closer-in region (< 4") using fake planets injected at known positions/fluxes with respect to the central star. Twenty fake planets are distributed between 0.3" and 3.9" from the star (separated by at least 0.1") in the direction 1 of the companion candidate reported by 1 Other directions and larger sparsity between the fake planets give identical results. • ). We scanned the contrast ratio of these fake objects from 10 −3 to 10 −7 (sampled with 13 values) with respect to the star maximum intensity and calculated the resulting signal to noise ratio (SNR) of each fake planets. The signal is taken from the maximum intensity of a fake planet while the noise is the standard deviation of pixels contained on a ring centered at the star with ± 1 FWHM width and excluding the fake planet. Then, the SNR is interpolated as a function of contrast (for each fake planets separations) to determine the limit of detection. To account for the departure from Gaussian noise in high contrast imaging (Marois et al. 2008 ), which here is particularly important as the field rotation is small, we considered a 7 sigma threshold at separations closer than 1.5" while we keep the standard 5 sigma limit further out. These values were determined from a visual inspection of images with fake planets. The resulting detection limits are shown in Fig. 3 for cADI and LOCI and were corrected for the coronagraphic mask attenuation as explained in Boccaletti et al. (2013) . There is no planet more massive than 10M J (10 Myr, BT-SETTL) at projected separations larger than ∼60 AU (0.62"). LOCI produces marginally a better starlight suppression than cADI in the inner 0.7" region while A&A proofs: manuscript no. paper_hd100546_v3 the gain becomes significant further out to approximately 3.5" (about the boundary of the stellar halo). We overlay the expected contrast in Ks of the putative forming planet discovered by Quanz et al. (2013) with NaCo/VLT assuming a magnitude difference in Lp of 9.0 ± 0.5 mag which translates to an absolute magnitude M Lp = 7.6 − 8.6 mag. We considered several evolutionary models: COND, DUSTY and BT-SETTL (Chabrier et al. 2000; Baraffe et al. 2003; Allard et al. 2011) , to convert absolute magnitudes to masses from which we derive the expected absolute magnitudes, and then the difference of magnitude in Ks (Tab. 2). Overall, the planet/star achieved contrast ratio ranges between 2.6.10 −4 and 8.7.10 −4 (∆Ks= 7.7 − 9.0 mag) rather independently of the age. As a result, the contrast achieved in the NICI data at a separation of 0.48" allows to rule out a selfluminous planet more massive than 16 − 18 M J according to the age and whatever the evolutionary model. Quanz et al. (2013) suggested that if the planet is still forming the flux measured in Lp may not entirely come from its photosphere and hence we cannot expect the planet intensity to follow the evolutionary models. Our non detection, presented here is still important to set a lower limit, assuming no absorption, on the Ks-Lp color of 1.07 ± 0.50 mag. More observations will be required to conclude on the companionship of this candidate forming planet (in particular a third epoch) and to compare its spectral energy distribution with evolutionary models.
Additional point sources of interest
Since planetary formation has presumably started inside the HD 100546 protoplanetary disk, we searched for other low mass candidates in the field focusing on point-like objects in the star proximity (<1"). In Fig. 4 we identified two potential objects, one at the North (ρ = 0.51 ± 0.01", PA = 4.3 ± 0.7
• ) and one at the South (ρ = 0.44 ± 0.01", PA = 194.1 ± 0.7
• ). The northern one is separated by ∆α = −0.036", ∆δ = 0.037 (about two NICI pixels in both axis) from the Quanz et al. (2013) candidate. How- ever, we checked that given the temporal difference of about 15 months, this offset is not consistent with neither the proper motion of the star nor an orbital motion. Moreover, this northern candidate falls right in a region of very bright speckles identified on raw images. Therefore, it is likely an artifact.
The southern candidate is seen in the LOCI image but also in cADI and KLIP as a more or less extended pattern and at a lower significance. We measured a contrast (corrected from LOCI attenuation) of about 6.8.10
−4 (∆Ks≈ 7.9 mag) after correcting by the mask transmission which is about 40% at this separation (due to the flat-topped Gaussian profile of the mask). It lies at about our limit of detection so, 7 sigma (Fig. 3) , and was not identified by Quanz et al. (2013) . The current data do not allow to conclude on the likelihood of this candidate and more observations will be needed. The relationship between this candidate and the spiral pattern will be discussed in the next section.
Spiral patterns
Description
The disk around HD 100546 is a complex system with a large nebulosity and an inner dusty and gaseous optically thick disk (in the 13-80 AU region) including some spirals. Here, the observing mode combined with a very small field rotation mostly erase the low-frequency spatial structures in the disk and leave only a set of spiral patterns in the south-east region. We can identify six spiral structures from Fig. 1 , and the cADI process, which is less aggressive than LOCI or KLIP, also shows an extended feature to the southwest (ρ = 2 ∼ 3", PA = 200 ∼ 225
• from the North) with a counterpart in HST images. The most obvious features are labelled S1, S2 and S3 in Fig. 5 . The sharpest view of the main spiral patterns is obtained with the LOCI image. S1 is the brightest and longest spiral, it starts from ρ = 1.40", PA = 150
• to ρ = 2.27", PA = 190
• . The equivalent projected length is about 155 AU. No pattern is detected closer in due to the large stellar residuals. Both S1 and S2 are seen in the ACS/HST image as a single broken spiral 2 but here are identified as two separate features. The inner part of S1, at radius smaller than 1.8", is not seen in the HST image. S3 is similar to S1 and both are nearly parallel. Three additional patterns S4, S5 and S6 are marginally visible in the LOCI image with S5 lying in between S1 and S3 possibly on a different track. Both S4 and S6 are well identified in the cADI image in Fig. 1 while they are more attenuated by LOCI. The signal to noise ratio map is shown in Fig. 6 (left) for the LOCI process where the noise is the azimuthal standard deviation for each radius. All spirals have S /N > 3, locally. This must be considered as a minimum value since the spirals themselves contribute to the azimuthal variations then to the noise. A comparison of NICI and HST images obtained 6-7 years apart did not reveal any significant orbital motion of the spirals (Fig. 6, right) . There might be a small offset of S2 but it is unrealistic to conclude on a motion as long as the star position are matching at the 1-pixel level precision, and the field orientation is know to only a few tenths of degree. All spirals appear clumpy but it remains delicate to determine what is the impact of the speckle noise and the reduction process in these data, so the surface brightness inhomogeneities along the spirals might be just an artifact. We do not detect any spirals in the northern region while S1 has clearly a centro-symmetrical counterpart in the HST data (Ardila et al. 2007 ) where it appears fainter and thicker. Gas observations indicate the disk rotates counterclockwise and so the spirals would be trailing the rotation (Acke & van den Ancker 2006) . Assuming photometric asymmetries are due to forward scattering, then the southwest part is the closest to us (Ardila et al. 2007 ).
Spiral fitting
Determining the morphology of the spirals is of prime importance to understand their dynamics and origins. Among the various mechanisms which can produce spirals in a protoplanetary disk containing a significant amount of gas (see sec. 5), we considered models with gravitational perturbers, where each 2 S1 and S2 are noted 3a in Fig. 7 of Ardila et al. (2007) . single perturber produces a single spiral. As an important assumption, we supposed that the dust we observe in scattered light follows the distribution of the gas. The dynamical models used hereafter are applicable to face-on geometries, so the disk image must be compensated for its inclination. However, the geometrical parameters of the HD 100546 disk are poorly constrained with near-IR images providing PA nir = 161 ± 5
• , i nir = 51 ± 3
• (Augereau et al. 2001) , and visible images yielding PA vis = 145 ± 5
• , i vis = 42 ± 5
• (Ardila et al. 2007 ). These two sets of values were tested. Qualitatively, the results are similar but we will present those obtained using [PA vis , i vis ] as they provide a slightly better matching between models and data.
We started to fit the traces of these spirals with Archimedean relations as suggested by the theoretical work by Kim (2011) where a planet orbit in a gaseous disk. In such a case, the radius ρ is directly proportional to the azimuth θ according to the relation: ρ = aθ + b in which a = r p /M p , and b is a constant, with r p and M p the orbital distance and Mach number of the hypothetical planet launching the spiral. Each spiral (S1 to S5) was isolated with a mask in the image and a Gaussian profile is fitted at each PA (relative to the star position) along the spiral to determine its spine. This profile is not locally orthogonal to the spiral so there is a small projection effect. From the measured coordinates (ρ, θ) of these spines, we fitted the linear relation of Kim (2011) to derive the parameters (a, b). We found that the slopes (a) vary from 0.51 to 1.24 depending on spiral, so rather close to unity. S1 and S3, the more extended spirals, are providing the best fits with a = −0.51±0.01 and a = −1.04±0.07, respectively. Interestingly, if the Archimedean spirals, but S1, are extended inward they lead to the central star and cross the location of the southern pointlike source (ρ = 0.44", PA = 194.1
• ) identified in section 3. Moreover, if they are extended outward to the northwest they appear at larger physical separations than the northern spirals identified in HST images which would mean that the southern and northern spirals are not connected. This simple analytical study evidences morphological similarities between the different spirals and could suggest a common origin for some of them at least (perturbers).
A&A proofs: manuscript no. paper_hd100546_v3 Another mathematical framework based on spiral density wave theory is proposed by Muto et al. (2012) to model also the effect of a gravitational perturber. For a circular planet orbit, the shape of the density wave is given by:
with r c , θ 0 the approximate planet location, and h c the disk aspect ratio at radius r c . It assumes that the disk angular frequency (Ω) and sound speed (c s ) vary as power laws with the radius according to Ω ∝ r −α and c s ∝ r −β . To restrain the parameter space we set α = 1.5 assuming a keplerian rotation, and β = 0.25 following the temperature profile (T ) measured in the outer disk by Panić et al. (2012) and assuming T ∝ r −2β . We still considered the spirals independently and fit Eq. 1 to each of them (S1 to S5). The parameters of this model are highly degenerated as indicated by Muto et al. (2012) and Grady et al. (2013) . Table 3 summarizes the values of r c , θ 0 and h c measured for each spiral. The fits of each spiral yield comparable values, which is expectable from the image as all spirals nearly point to the same direction. On average, we obtained r c = 0.23 ± 0.04", θ 0 = 230 ± 55
• , and hc = 0.13 ± 0.04, where the error bars corresponds the 1-sigma dispersion of parameters taken from Tab. 3. Changing the initial conditions of the fit or the way the measures are performed (for instance the masking of each single spiral) yields more dispersion. If one or several perturbers are responsible for these spirals, the model of Muto et al. (2012) derives a physical separation of 20 − 30 AU which is outside of the gap detected from interferometry data (Benisty et al. 2010 ). Moreover, we reached similar conclusions as the former model when the spirals are extended inward and outward. Interestingly, the fit to S1 appears on a different track than the other fitted spirals. Whether or not it suggests an additional perturber is difficult to conclude, especially given the important degeneracy in between parameters of this model. Finally, with the same model, we tried to fit simultaneously several spirals or to force the fit to S1 to cross the position of the potential planet reported by Quanz et al. (2013) , but with no success. We note that a perturber located at ∼ 20 AU, will have a period of about 50 years and so the spiral wave, as expected from Eq. 1. In such conditions, the spiral pattern in the NICI image should feature a noticeable offset (of the order of 1") with respect to the HST image. Since this is not what we observe, the perturber might be actually further away (of the order of 100 AU). This inconsistency again illustrates the degeneracies in the model. Indeed, Muto et al. (2012) and Grady et al. (2013) have shown that a family of values (r c , θ 0 ) can match the spiral shape in a protoplanetary disk.
Characteristics of the brightest spiral 4.3.1. Spatial extension
To investigate the morphology and photometry of the brightest spiral S1 we generated a fake spiral. We used the coordinates of the fitted Muto et al. (2012) model to the spiral S1 to obtain a trace of the fake spiral. Convolution with a 2-dimensional Gaussian function produces several fake spirals of different sizes, the FWHM of which is 3.5, 7.0, 10.5, and 14.0 pixels (∼ 65, 125, 190, 250 mas) . The fake spirals, once convolved with the PSF, were implanted symmetrically in the raw data, at 180
• from the real one, at a contrast of 2.10 −6 with respect to the star. We reprocessed the data with the cADI algorithm using an averaged combination of frames in order to better preserve the photometric information. In addition, the fake spiral is also implanted in an empty data cube (no signal, no noise), and the frames are simply derotated and stacked. This provides a reference spiral not affected by any ADI subtraction. The fake spiral is well detected in the processed image and demonstrates that the small range of parallactic angle quoted in sec. 2 is not a limitation in fact.
The resultant width was measured in a perpendicular direction with respect to the spine of the spiral. To avoid contamination by other spirals and starlight residuals, S1 was isolated in an annular mask of 10-pixels wide (∼ 0.18"). The spiral profile was fitted with a 1-dimensional Gaussian for each position angle (spanning 40
• ) and from a curvature radius located, roughly, at [−1.06"; 0.23"] with respect to the star position. The width of the fake spiral located to the northwest was measured the same way.
We first compared the resultant width of the fake spiral measured in the cADI image with respect to that in the empty data cube to assess the ADI induced geometrical effect. Figure 7 (left) shows this width ratio as a function of radius (from the star) for several initial sizes of the spiral (3.5 to 14 pix, with 0 corresponding to the unresolved case). The width ratio features a small slope in the 1.6-2.0" range corresponding to a downsizing of 10 to 20% with respect to the initial width. The apparent width of the spiral S1 is plotted in Fig. 7 (right) against the separation. The net effect of ADI on the spiral width is not proportional to its width. The width profile does not decrease monotonically but has a large bump peaking at 1.85". Actually, this radius corresponds to the position where S5 meets S1, so that the width measurement is impacted, inevitably. In addition, the spiral has a dip at about 1.65" which reinforces the appearance of a bump further out. It would not be reliable with the current data to gauge the significance of these features as they might be just artifacts. Nevertheless, from the comparison with fake spirals, we can conclude that S1 is angularly resolved in the direction perpendicular to the spine since it is not coincident with the 0-pixel unresolved case (dark blue line in Fig. 7) . Still, we can determine that the apparent width is about 3.5 to 7 pixels which converts to ∼ 6-12 AU at the distance of HD 100546.
Surface Brightness
In the following, we considered a 3-pixel wide fake spiral to correct for the ADI photometric artifacts. The surface brightness of S1 is measured in the annular mask (10 pixels wide) as defined in the previous section. For each position along the spiral, we extracted the averaged intensity and standard deviation perpendicularly to the spiral. The same is performed on the fake spiral with and without the ADI process to calibrate for the flux losses. This correcting factor varies non linearly from about 1 at the inner edge of the spiral (near 1.5") to about 2 at the outer edge (near 2.2"). In addition, the averaged intensity of the background is measured at +/-90
• from the spiral and averaged. Intensities are converted to magnitude/arcsec 2 (using the 2MASS star magnitude and the total flux of the observed PSF), and plotted in Fig. 8 . As a result, the surface brightness of S1 features a linear decreasing with radius at a rate of ∼1 mag/arcsec 2 /arcsec. Finally, we compared these measurements to the surface brightness obtained by Augereau et al. (2001) with HST/NICMOS at 1.6 µm in the region which encompass the spiral S1. At the first order, and assuming a scattered light regime, the surface brightness from NICMOS is scaled to 2.2 µm using the star color (HKs=0.54). As expected from ADI, the surface brightness of the spirals is less steep than that of the outer disk (which goes as r −2.9 ) as most of the low frequency components in the image were certainly removed/attenuated by the ADI process. At least, the levels of intensities are consistent with this hypothesis. However, it is difficult to claim the spiral photometry to be accurate here, especially given the small amount of field rotation, but our measurement sets an order of magnitude.
Anisotropy
As long as the northern counterpart of the spiral is not detected, this provides a lower limit on the intensity ratio between the southeast and northwest. Hence, the scattering properties of the spiral S1 can be inferred from the comparison of its intensity with that of the background. As explained in the previous section, we fitted with straight lines the surface brightness (in intensity unit rather than mag/arcsec 2 ) of the spiral S1 (before correction by the ADI attenuation) and that of the background. The intensity ratio varies from 2.7 at the closest sepa-A&A proofs: manuscript no. paper_hd100546_v3 ration (∼1.5") to 3.3 at the edge of the spiral (∼2.2") . We assumed PA nir = 161 ± 5
• , i = 51 nir ± 3 • as it corresponds to the same spectral range as our data and hence traces the same dust grains. We also assumed that the brightest southwest side of the disk is the closest to us (Ardila et al. 2007 ). In such conditions, the major axis of the disk corresponds of 90
• phase angles while the phase angle of the minor axis are respectively 40
• in the front (southwest) and 140
• in the back (northeast). The spiral S1 is located in between the forefront minor and major axes and so spans a range of phase angles. To simplify the calculation, we supposed that S1 is at a median phase angle of 65
• while that of its symmetrical undetected counterpart would be at 115
• . Assuming Henyey-Greenstein phase function, we derived g, the anisotropy scattering factor, which reproduces the measured intensity ratio lower limits. We found a lower limit of g = 0.51 +0.10 −0.03 , which is larger than the anisotropy scattering factor derived from ACS observations but our measurement is only obtained inside the spirals. At visible wavelengths, in the disk, Ardila et al. (2007) reported g = 0.15 − 0.23. The two observations might not be directly comparable as we are referring to different phase angles and our measurement is certainly impacted by an un-calibrated ADI attenuation on the low-frequency components of the disk. Still, the numbers are sufficiently different to hypothesize a modification in the scattering properties of the grains from the visible to the near IR. A larger value of g may imply larger grains. In that respect, Mulders et al. (2013a) has calculated the asymmetry parameter as a function of grain size and showed that g = 0.15 − 0.23 in the visible would correspond to particles of about 0.1 µm. But for g > 0.5, a second set of solutions exist which rather corresponds to a grain size of about 2.5 µm (at λ = 0.6 µm). Since the particle size scales linearly with wavelength, our measurement of g in the Ks band yields a particle size of about 10 µm so a hundred times larger than what inferred from visible images, but measured in a different location. This can be consistent, qualitatively speaking, with the hypothesis that regions of higher pressure, like a spiral (precisely, where we measured g), tend to favor grain growth (Rice et al. 2006 ).
Scale height
The fit to spirals in section 4.2 yields a disk aspect ratio h c = 0.09 − 0.18. Assuming spherical particles, composed of silicates (Draine & Lee 1984) , with a size distribution following a power-law with -3.5 index, and radii between 1 and 1000 µm, the dust extinction coefficients can be computed using the Mie theory. Using the disk model parameters obtained by Benisty et al. (2010) , one can estimate the normal optical thickness at a distance of 150 AU from the star, where the spirals start to emerge from the noise. At wavelengths between 0.4 and 0.8 µm, i.e. in the HST/ACS observing wavelength range, the normal optical thickness is around ∼0.6. At NICI observing wavelength (2.12 µm), this value remains almost the same. Therefore, the disk is at the limit between the optically thin/thick cases at these wavelengths and distance from the star. Let's suppose the disk to be optically thick, thus, we can apply the ellipse-fitting method developed in Lagage et al. (2006) to measure the disk height. This method fits elliptical contours using a chi-square minimization based on a Levenberg-Marquardt algorithm. At a given radial distance of 150 AU (1.5") from the star, the isophote fit to Ardila et al. (2007) ACS images (and the corresponding offset between the star position and the ellipse center) implies an estimated scale height of 10±12 AU. The error on the scale height is estimated from the standard deviation of the offsets in the direc- tion along the ellipse main axis (that in principle should be formally equal to 0.0). Given this relatively large error, only an upper scale height of 22 AU at 150 AU from the star can be deduced from this measurement. This upper limit is compatible with the scale height estimated from spiral-shape fitting (h = 0.13). On the other hand, the difficulty to measure an effective scale height may be in favor of an optically thin case, which we will consider in the next section.
Discussion
The multiple spirals detected with NICI around HD 100546 are remarkable in the sense that they are probably the first example of such pattern in a transitional disk (depleted in gas compared to proto-planetary disks). However, it is beyond the scope of this paper to propose a unique explanation to account for these spirals as it will require an important modeling effort and certainly more observations to disentangle between different scenarios. Our objective in this section is simply to present some hypotheses which may eventually guide more careful theoretical works.
Any large perturbation in a disk of gas tends to launch sound waves resulting in a spiral shape due to the differential rotation of the disk. This shape is given by the rotation and sound speed profiles in the disk. Spirals tend to concentrate the solids that are loosely coupled to the gas. The coupling between gas and solids depend on the size of the solids, and the density and velocity of the gas. With a size of 0.1 µm measured in the disk of HD 100546 (Pantin et al. 2000; Ardila et al. 2007 ), these particles should be strongly coupled to the gas and follow the gas density structure, except for the dust situated in the low density region, high above the disk midplane, that will tend to be more concentrated than the gas in the pressure bumps. The dust grains seen in near-infrared are situated in the upper part of the disk, partially coupled to the gas and we can consider that the spiral structures observed are also present in the gas disk. In the following we discuss some plausible scenarios, without being affirmative on which one is the most likely although we can exclude some.
-Self gravity: A massive disk can be unstable against gravitational instability that form large amplitude spirals in the gas. The multiple spirals formed by this instability are also distributed around the disk. We assume the Toomre parameter, which measures the degree of instability, can be approximated by Q ≈ (M * /M d ) × h, where M * and M d are mass of the star and the disk respectively, and h is the aspect ratio (Meru & Bate 2011) . Given the mass of dust (5.10 Benisty et al. 2010 ) and gas (1.10 −3 M ⊙ , Thi et al. 2011 ) reported in previous studies for the outer disk (13 − 350 AU) and the aspect ratio we measured in our work (h = 0.13), we find Q = 217 >> 1. We therefore reach the conclusion that the disk is not likely to undergo gravitational instabilities as already noticed earlier by Quillen et al. (2005) . However, we also note that the mass of the gas and the cooling rate are not well constrained while it is fundamental for the determination of the Q parameter. In particular, Panić et al. (2010) found a significant mass of gas at 400 AU.
-Warp: Based on the former conclusion, Quillen (2006) proposed an alternative scenario involving a planet on an inclined orbit (6 to 15 • ) causing surface brightness variations in the form of a two-armed spiral provided that the outer disk is optically thin. In this framework, the spirals will be leading instead of trailing features. Quillen (2006) found that a Jovian-mass planet orbiting in the gap cannot be responsible for this warp. On the other hand, the possible planet detected by Quanz et al. (2013) would satisfy the constraint to produce a tilted warp. However, we note that the simulations presented by Quillen (2006) produce two symmetrical arms which were compliant with the HST images presented in Ardila et al. (2007) but do no longer agree with the NICI data. In particular, the multiplicity of spirals is not reproduced in this model. -Rossby instability: If there is a pressure bump in the disk as the one expected at the border of a planet gap, the disk can become unstable to the Rossby wave instability. This instability has the appealing effect to lift large solid grains to the upper part of the disk, limiting the dust settling as observed in the outer disk of HD 100546 (Mulders et al. 2013a) . However the spiral density waves formed by this instability should also be distributed all around the gas disk. -External perturber / fly-by: Quillen et al. (2005) have presented hydrodynamic simulations which allow for the formation of spirals caused by the influence of a bound external perturber (planetary to sub-stellar mass range) on a nonself-gravitating gaseous disk. A qualitative matching with HST images is achieved when tuning the relevant parameters (star/perturber mass ratio, disk aspect ratio, perturber eccentricity). However, they pointed out that no corresponding bound low-mass object is detected in any of the HST data (Augereau et al. 2001; Ardila et al. 2007 ). Our limit of detection clearly confirms this result improving the minimal mass from ∼10 M J (HST) to ∼2 M J (NICI), nonetheless in a small field of view. In addition, Quillen et al. (2005) searched the USNO-B catalog for stellar encounters and found none. As a conclusion, if an external perturber is responsible for the spiral structures it should be a very low mass object like a brown dwarf that encountered the HD 100546 system a few dynamical timescales earlier.
-Inner planetary mass perturber:
A planet located inside a disk launches a set of sound waves and due to interference between the waves, a unique spiral forms with a large amplitude. Up to a few spirals of different amplitudes can be formed by a unique companion, but again those would be distributed all around the disk (Kley 1999) . In this paper, we modeled the spirals using two independent theories accounting for the presence of a perturber inside a gaseous disk (Kim 2011; Muto et al. 2012) . Although the agreement is acceptable for each spiral individually, this exercise does not allow to determine the origin of the multiplicity and is not accurate enough to firmly conclude on the perturber properties in a mass/separation parameter space. To explain the presence of the multiple spiral pattern close one to each other with this approach, one would have to assume the presence of multiple objects giving rise to multiple and independent wakes. Signs of planetary mass objects were already reported in the HD 100546 system: the presence of a gap inner to 13 AU (Bouwman et al. 2003) , a planet in formation at 68 AU or for explaining the radial structure of the disk (Mulders et al. 2013b) . But in this scenario, there is no connection between the spiral patterns and the grouping of up to five spirals in the same region of the disk is unlikely. -Two-face spiral Assuming the disk to be marginally optically thin as hypothesized in section 4.3.4, there is the interesting possibility that two observed spirals features correspond actually to the same 3D spiral wave entity. Indeed, in this case, one can detect spiral wave scattered light from both disk sides. The projected offset (at a given distance from the star) between these two spiral emissions gives a direct measurement of the disk thickness (t = o/ sin i, where t is the disk thickness in AU, o the geometrical offset in AU and i the disk inclination assumed to be 42 • ). Applying this method to spirals features S1 and S3 (which are very similar in shape/opening angle), one gets a thickness of ∼44 AU which corresponds to a disk aspect ratio of h = 0.10 − 0.15 in agreement with section 4.2. Ardila et al. (2007) suggest, based on disk angularly resolved colors and asymmetry factor, that the disk frontside has a PA around 235
• . In that case, one would expect in a simple scenario, S3 to be brighter than S1 because of dust absorption. We observe the opposite. However, there is no guarantee that the spiral pattern on both disk sides have exactly the same surface brightness. This surface brightness inversion could proceed from structural inhomogeneities between the 2 sides. -Gas and planetesimals coupling: If the disk has experienced in the past a self-gravitating phase with formation of spirals, the solids preceding the formation of planetesimals are expected to migrate towards the region of higher pressure and then follow the morphology of the gaseous disk. Simulations presented in Rice et al. (2006) show that the planetesimals (and then dust) tend to concentrate in narrow multiple spirals, some being broken patterns. To some extent, these results are qualitatively in accordance with what we observed in the disk of HD 100546. Wether or not the solids can stay in the same spatial distribution long after the the disk has stopped to be self-gravitating remains to be investigated.
Conclusion
We have presented high contrast images of the environment of HD 100546 obtained with NICI/Gemini. The planetary mass object detected by (Quanz et al. 2013) in the Lp band, and proposed to be a planet in formation, was not re-detected at shorter wavelengths in the Ks band while the sensitivity we obtained allows to rule out objects more massive than 16−18 M J . This confirms that a part of the Lp band flux is not coming from the photosphere of this object. The data reach a contrast limit of ∼ 10 −5 and 10 −6 at about ∼ 1" and 2" respectively, corresponding to about 5 and 2 masses of Jupiter for the oldest age estimate of 10 Myr. We also identified a possible point-source to the south, close to the detection limit, which remains to be followed to determine wether or not it is a physical object or an artifact.
More importantly, our data processing revealed the spiral pattern of HD 100546 with more contrast and clarity than ever before owing to the observing strategy used in NICI, and resolved this structure, formerly identified with HST in the visible, into a set of multiple spirals at the south-east of the star. The brightest spiral is located at 130 − 220 AU from the star and traceable on a projected distance of 155 AU. We attempted to fit the traces of these spirals, individually, assuming that they were launched by a planet perturber in a disk of gas. For that, we used two models to derive some constraints on the perturbing bodies, but we note that these parameters are degenerated. More observations and modeling will be definitely needed to derive more quantitative informations on potential perturbers and possible links between the spirals. In addition, the non-detection of the northern spiral observed in HST images is peculiar and led us to derive constraints on grain properties.
Finally, we draw several hypothesis to account for the presence of these spirals. A self-gravitating disk or the presence of a warp appears unlikely, although the amount of gas in the system is not well constrained. Gravitational perturbations by inner bodies could be the most likely scenario but require several perturbers. Providing the disk is optically thin, an attractive solution would be that a single spiral appears two-folded due to the disk inclination and the reflection of the starlight on each disk surfaces. All these scenarios are to be worked out to identify the most plausible. A modeling effort based on the various available data will be presented in a forthcoming paper. In the end, the origin of the spiral is to be understand with more contrast at closer separation, which next high-contrast facilities will be able to offer.
